Complement receptor 1 (CR1) levels have been associated with malarial susceptibility and/or severity of the disease in different population groups, and CR1 is a receptor for Plasmodium falciparum. In this study, multiple CR1 single-nucleotide polymorphisms (SNPs) showed strong evidence of population differentiation between Sardinian and other European ethnic groups. Cross population algorithms comparing haplotype structure and differences in haplotype and allele frequency distribution provided additional support for natural selection of CR1 in Sardinia. The predominant Sardinian CR1 haplotype included SNPs that are associated with decreased CR1 levels in Europeans and other population groups. Previous studies have shown that the SNPs within the dominant Sardinian haplotype have a significantly higher frequency in a malaria endemic compared with non-endemic regions in India. Together with the historical evidence of the prevalence of malaria in Sardinia, these data support the role of malaria leading to positive selection of this CR1 haplotype in Sardinia.
Introduction
Multiple studies have suggested that natural selection is important in shaping the genomes of human population groups. Several different methods and algorithms have been developed and applied to identify signals for positive selection. These include metrics for measuring population differentiation (for example, F statistic (F st )) or unusual patterns of haplotypes (for example, integrated haplotype score, and cross-population extended haplotype homozygosity (XP-EHH)) that are suggestive of recent selection driven population sweeps. [1] [2] [3] [4] [5] Most of these studies have focused on differences between different continental groups. Although the number of studies examining differences within European populations has thus far been more limited, similar studies have identified the lactase gene as well as several genes that determine eye color. 6, 7 Many studies have indicated that malaria has been a major factor in the natural selection of a variety of genes in different human population groups but a clear demonstration of the selection of complement receptor (CR1) has not been previously reported.
This study was undertaken to further identify signals for positive selection within European and closely related population groups. For the current report, we have focused on a particular difference between Sardinian and other European populations. Sardinia is an island that has had a unique history, and recent studies suggest that most Sardinians may have descended from a largely pre-Neolithic settlement with little gene flow from outside populations, despite a complex history of invasions by different European continental populations. [8] [9] [10] The history of the island is notable for a long history of endemic malaria that plagued the population until the near eradication of mosquitoes shortly after the second World War. Sardinia has been used in classical studies of the effects of malaria on natural selection, including the prevalence of thalassemia.
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Results and discussion
As an initial effort to identify putative genomic regions under selection in Sardinia, we examined paired F st values between Sardinian and other European or European-related population groups. This measure of population differentiation shows several genomic segments with large differences in one or more of these analyses. The most prominent regions were the major histocompatibility complex and lactase regions. This is consistent with many previous studies, showing large differences in single-nucleotide polymorphism (SNP) allele frequencies within the major histocompatibility complex and positive selection of particular SNPs associated with lactose tolerance in northern European population groups. 6 Excluding these two regions, the CR1 region (23 SNP markers within B150 kb) on human chromosome 1 showed multiple SNPs with very large differences in allele frequency between the Sardinian subjects and the other European population groups (Figure 1) For panel h, a highlight is shown for the CR1 region with the position in kb along the abscissa. The populations included the following: Sardinian (148 subjects), Ashkenazi (120 subjects), Irish (137 subjects), English (367 subjects), Northern Italian (395 subjects), Southern Italian (220 subjects), Arab (113 subjects), Norwegian (102 subjects) and Gujarati Indians in Houston (101 subjects). The groups included individuals with self-identifying information, and were further selected on the basis of principal component analyses and quality control measures as previously described.
31,32 The genotypes were from Illumina platforms (550 K and 1.2 Mb) genotyped at North Shore, WTCCC, University of Michigan, the HYPERGENES project or deposited in the I-Control Database (http://www.illumina.com/iControlDB, Illumina, San Diego, CA, USA) as indicated in Supplementary Table S1. for this region among the European population groups studied. In addition, when paired values were examined with Yoruban, these SNPs showed a distinctly different pattern for Sardinian and Gujarati Indians in Houston compared with the other population groups (Table 1) .
Other indices for positive selection were also used to examine evidence for selection of CR1 in Sardinia. Haplotype homozygosity was estimated between European population groups using the XP-EHH algorithm. XP-EHH compares the length and frequencies of haplotypes between two populations. The haplotypes that are more frequent and longer than expected arise because of the random processes are considered to be selected. 5 For the CR1 region, the Sardinian population group showed the strongest evidence for the difference of EP-EHH in these cross-population analyses ( Table 2) . The strongest signals were for Sardinian paired with Southern Italian, Northern Italian and with the Ashkenazi groups. For each pair, the CR1 region signals were among the three highest XP-EHH scores on chromosome 1. In contrast, none of the other European groups paired with each other showed strong signals in this region with the exception for the Ashkenazi paired with Irish (Table 2) . Although the reason for the lack of strong signals between the Sardinian and northern European population groups (Irish, English and Norwegian) is uncertain, it might reflect limitations of this test when multiple and perhaps functionally different (that is, because of different properties of CR1) waves of selection have occurred. Notably, we failed to observe signals when applying the integrated haplotypic score test that ascertains particularly long range and high frequency derived or ancestral haplotypes (data not shown). This is consistent with either an ancient selection event or the possibility that this chromosomal region has been subjected to multiple waves of selection that have resulted in a complex pattern of derived and ancestral segments (see Supplementary Table S2 for ancestral and derived SNP information).
We also used another recently described algorithm, cross-population composite likelihood ratio test that jointly models multilocus allele frequency differentiation between two populations. 13 This analysis showed signals between the Sardinian and northern European population groups similar to that observed with paired F st values, and showed very strong signals for the Sardinian/North Italian analysis (Table 2) . Thus, together these other measurements provide additional evidence for positive selection of CR1 in Sardinia.
To further examine the CR1 region, we imputed SNPs using 1000 Genome Project data and performed haplotype analyses (Figure 2a ). For these analyses, we included only SNP genotypes common to all investigated populations for which genotyped alleles or imputed genotypes with posterior probabilities 40.9 SNPs were defined. The results showed that three major haplotypes covered the relevant CR1 region in the European populations. The most frequent haplotype for the Sardinian subjects (haplotype A, 0.58) was present in only a much smaller proportion of the Irish subjects (0.15) and other European population groups (Figure 2b ). This haplotype A was also found at high frequency in Gujarati Indians (0.36). The haplotype was also present in the Yoruban group but at a much lower frequency (0.09). The extent of linkage disequilibrium within CR1 region was very high in the European populations, intermediate in the Gujarati Indians and much lower in the Yoruban group.
For compelling evidence of positive selection, it is important to examine whether there is any functional relevance of the selected polymorphisms or haplotypes. For SNPs in the putative CR1 selected haplotype, we examined whether there was evidence for a functional correlation and/or relationship to malarial infection or Table S2 ). This derived SNP (ancestral SNP is A) is the exon 22 variant, His1167Arg, which has been associated with an B10-fold reduction in CR1 levels. 14 (Note: this position and other positions in this manuscript do not include the 41 AA leader sequence (see footnote h in Supplementary Table S1.)) In addition, the haplotype A also includes the rs11118133 T allele that creates a well-studied Hind III restriction site in CR1 intron 27 (noted in the literature as the L allele). 15 This allele has been associated with a multifold reduction of the level of CR1 in multiple studies of subjects with European ancestry, [15] [16] [17] [18] and also in South Asian and East Asian population groups. 19, 20 Previous studies in Europeans have also found that this haplotype also contains the rs3738467 T allele (Gln981His), an allele that is associated with decreased CR1 in European, East Asian and Papua New Guineans. 15, 19, 21 Other studies have also identified additional amino acid variants, including the Ile1574Val (rs669117 G allele), as part of this haplotype. 15 CR1 has also been shown to have a direct interaction with the Plasmodium falciparum erythrocyte membrane protein 1 that is a major adhesion molecule expressed on malarial infected erythrocytes, 22 and many studies have suggested an important role for CR1 in malarial infection and pathogenesis. For example, in Europeans, the rs11118133 T allele also correlates with decreased rosetting of malaria with erythrocytes, 17, 18 a property that may offer protection against cerebral malaria, and in Papua New Guinea this polymorphism correlates with decreased disease severity. 21, 23 Importantly, the rs2274567 G allele that is within the dominant Sardinian haplotype has been found at much higher frequency in malaria endemic than in non-endemic regions of India. 20 Recently, Tham et al.
14 have provided strong evidence that CR1 is the host erythrocyte receptor for the reticulocyte-binding-like homolog protein PfRh4, a major P. falciparum ligand that is essential for sialic-acidindependent invasion. Moreover, the exon 22 polymorphism (rs2274567 G allele) is associated with a decreased sialic-acid-independent malarial invasion of erythrocytes.
14 This suggests a direct mechanism by which natural selection of this polymorphism or haplotype can provide resistance to malaria infection. However, the relationship between CR1 haplotypes to complement levels, malarial prevalence and severity of disease is complex. Multiple studies in African population groups have not shown an association of CR1 levels with CR1 polymorphisms. 24 Two SNPs strongly associated with CR1 levels in other populations including rs1118133 T allele (the Hind III L allele) and rs3738467 C allele are not associated with CR1 level in African Americans or in a malarial endemic African populations. [25] [26] [27] Other CR1 polymorphisms may influence disease severity in Africa but these studies have not shown consistent results. 26, 28 In India, within the nonendemic malaria region (in contrast to the association with susceptibility in endemic regions), the rs2274567 G allele is paradoxically associated with increased disease severity. 20 Part of this latter phenomenon was speculated to be because of the frequency of severe anemia that may be enhanced by low CR1 levels. In addition, the effects of multiple other genes identified or implicated in the susceptibility, resistance and pathogenesis of malaria will need to be considered in developing a comprehensive picture of pathogenesis. The peak XP-CLR scores in the complement receptor 1 region are shown above the diagonal of identity. For XP-CLR results, the first number is the XP-CLR score when the population in the column heading was tested using the population listed in the row heading as the reference population. The second number is the XP-CLR score when the population in the row heading was tested using the population in the column heading as reference. The XP-CLR score was determined using 5 cM windows with the maximum of 100 markers at 10 kb intervals according to previously described methods. The XP-EHH score is shown below the diagonal of identity. As no formal statistical evaluation of significance is available for the XP-EHH method, relative ranking within each pair-wise comparison is used as a measure of evaluating the significance of the observed signal. For XP-EHH results, the sign (+ or À) refers to the population listed at the top of each column. If the score is positive, then the population listed in the column heading shows possible evidence for an extended haplotype homozygosity compared with the population listed in the row heading. If the score is negative, the population listed in the row heading shows possible evidence when compared with the population listed in the column heading. The XP-EHH was calculated using previously described methods. The third highest value on chromosome 1.
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The relationship of the predominant CR1 haplotype in Sardinians with those in South Asia and the presence of this haplotype in other European groups suggest an origin predating the selection in Sardinia. Using a hard sweep model, we estimated that the rs2274567 G allele age was B45 000 years (Supplementary Note). This time frame is substantially earlier than the settlement of Sardinia as estimated from archeological and anthropological studies.
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Additional studies of the relationship of CR1 sequence to function in different population groups will be useful. However, the available results, including those that implicate particular CR1 polymorphisms in determining European CR1 levels, suggest that such studies may not be able to resolve the puzzling difference between European and African populations with respect to the association (European, South Asian, East Asian, Oceana) or lack of association (African) of these sequences with CR1 levels. Notably, many years ago JG Wilson postulated the potential effect of a second unlinked gene could explain the differences among populations: two CR1 amino acid mutations, the His1167Arg (rs2274567) and the Ile1574Val (rs6691117) introduce potential tryptic protease cleavage cites that could be sensitive to an enzyme that is relatively deficient in African populations. This in our view remains a potential explanation, although an important role for regulatory sequence differences can not be excluded.
In summary, this study provides strong evidence that a CR1 haplotype associated with low CR1 levels was under positive selection in Sardinia, which has a remarkably strong history of endemic malaria. The function of CR1 as a receptor for malaria infection provides a cogent explanation for selection. Further analyses of natural selection in particular population groups, including additional studies in Sardinians, may identify additional genes that are important in the susceptibility and pathogenesis of malaria and offer additional clues to treating or preventing malaria infection. Supplementary Information accompanies the paper on Genes and Immunity website (http://www.nature.com/gene)
